Abstract-A new approach to the position sensor elimination of the permanent magnet synchronous machine (PMSM) drives is presented in this paper. With the help of the modern drive technique, the actual rotor position as well as the machine speed can be estimated accurately even in the transient state using the "electrical steady-state" operation concepts. Due to the angle-modification scheme with error-tracking function, the sensorless drive system has the robustness to the parameter variation. As well as giving a detailed explanation of the new algorithm, the paper presents a wide range of experimental results, demonstrating the feasibility of the proposed method under full operating conditions in 650 62000 [rpm] speed range and 0 1 per unit (p.u.) load condition.
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I. INTRODUCTION
R ECENTLY, many research efforts have been spent in developing the machine drive system without rotational position sensors, so-called "sensorless drives," in accordance with industrial demand due to the inherent drawbacks of the rotational sensors. In general, the rotational encoder-type sensors are used to obtain speed or position information of the machine. The major drawback of these sensors is the performance degradation owing to the vibration or humidity [1] - [5] . So, variable control strategies for the permanent magnet synchronous machine (PMSM) drives without rotational sensors have been described by many authors in drives such as trapezoidal back-electromotive force (EMF)-type motors [1] , [2] and sinusoidal back-EMF type, including surface mounted motors [3] - [5] and interior magnet-type motors [6] . Especially, the surface-mounted PMSM with sinusoidal back-EMF has widely found its application field in the highperformance machine drives because of the ripple-free torque characteristics and simple control rule. The notation "PMSM" in the following sentences just means this type motor only in this paper.
Several different algorithm are suggested for the sensorless drives of PMSM. In one method, the rotor flux quantity is estimated by the integration of the machine terminal voltages [3] . In this scheme, the sensitivity to the machine parameter, especially to the phase resistance, is a major drawback. If a correct stator resistance is unknown, the estimated flux converges to a wrong value on the heavy load condition and the controller looses its synchronization ability consequently. In the other scheme, the reconstructed voltage from the terminal current information is utilized to estimate the rotor position [4] . The major disadvantage of this scheme is the parameter dependency to the whole machine parameters. Another problem of this method is that the differentiation of the line current is employed to reconstruct the hypothetical voltage. Usually, the accuracy of time differentiation is very poor due to the system noise, especially in the digital control system operated in the base of sampling instance. More recently, a state estimator such as extended Kalman filter is adopted to estimate the rotor angle and angular speed [5] . But this method also required the whole parameters and it is very difficult to decide the actual system noise level and Kalman gain in this scheme. Furthermore, in all the previous studies, the performance during transient states such as sudden load variation or speed reference change is not guaranteed by actual implementation.
In this paper, a new drive technique without rotational position sensor for high-performance PMSM drives is presented. The major estimation strategy proposed in this paper is developed on the basis of the -reference frame theory and its axial transformation capability. Introducing a current dynamics rejection algorithm named "electrical steady-state" operation, the actual rotor position as well as the machine speed can be estimated accurately even in the transient state such as speed fluctuation or sudden load variation. Also, since the angle error is modified in error-tracking fashion at every estimation step and only the stator resistance is required in angle estimation, the overall control system has the robustness to the parameter variation. Just the two line currents are measured for the sensorless operation and no additional hardware equipment is required. To verify the feasibility of the proposed method, extensive experimental tests are conducted over a wide torque range (0 1 p.u.) and wide speed range ( 50 2000 rpm).
II. MATHEMATICAL MODEL OF THE PMSM
The PMSM is generally assumed to have three balanced phases connected in a configuration. The model of machine can be simplified by reducing it to that for an equivalent twophase motor [3] model in the stationary reference frame as follows:
( 1) 0885-8993/97$10.00 © 1997 IEEE (Super script " " denotes a quantity on the stationary reference frame.)
In addition, the machine model on the synchronous reference frame fixed to rotor can be presented as follows: (2) (Superscript " " denotes a quantity in the synchronous reference frame fixed to rotor.)
The operator notation " " means the differential operator with respect to time and and are, respectively, twodimensional machine-terminal current and voltage that contain their direct and quadrature components, is the rotor velocity, and is the rotor position angle. and are represent the stator inductance and resistance, respectively. As the field excitation is from permanent magnets only, there are no field current dynamics and the dynamics of the induced magnetic voltage can be represented by means of a constant coefficient , called the back-EMF constant in this paper. The equivalent space-vector diagram for the PMSM is illustrated in Fig. 1 . In this figure, the rectangular coordinate system represented by axes is oriented to the actual rotor position. Since the current component which contributes to the machine torque can be clearly defined, the machine model on the synchronous reference frame is widely used. However, since the exact actual rotor angle is not available in the machine drives without position sensors, this machine model is not usable. Note that the terminal quantities in the stationary reference frame are just available through direct measurement. In this aspect, an arbitrary control frame is suggested in [4] for sensorless machine drive. In this study, the previous modeling concept is introduced to directly estimate the actual rotor position. Here, instead of the synchronous reference frame, new rectangular coordinate system oriented to known estimation angle is adopted to machine control algorithm. This new reference frame is called "estimation frame" and denoted by the super script " " in this paper. The whole control algorithm including the estimation and current regulation algorithm is working in this rectangular coordinate system.
It is assumed that the estimation angle departs from the actual angle by the angular difference , as shown in Fig. 1 . Therefore, the angular difference can be defined as (3) The relationship between rectangular coordinate system oriented to and stationary rectangular coordinate system can be obtained from the -axis transformation theory as follows:
where (4) Now, the voltage equation in the reference frame fixed to the estimator angle can be derived based on the terminal quantities of the stationary reference frame. From (1) and (4) (5) After some derivation, the voltage model in the reference frame fixed to the known angle can be represented by (6) As shown in this model, the terminal voltage consists of the voltage drop terms and the distributed back-EMF term. Equation (6) indicates that the information about angular difference and machine speed are included in the back-EMF term. Therefore, without complicated calculation or evaluation, the actual rotor angle information can be just obtained from extracted from the back-EMF information in (6) and known angle . The immediate idea to find the back-EMF portion is that the voltage drop term should be removed from the terminal voltages. However, it is not easy to find out the exact back-EMF because the actual voltage drops are hardly detectable. It is especially difficult to calculate the voltage drop term related to the current dynamics . Moreover, the coupling term represented by , called the "speed voltage," increases the difficulty of the extraction task for the back-EMF information.
III. SENSORLESS CONTROL STRATEGY

A. Electrical Steady-State Operation
In order to easily detect the actual rotor angle and machine speed, a new operation concept named "electrical steady-state" operation is introduced. The main idea of this operation concept is to remove the current dynamics within certain period to find out the back-EMF information. In general, mainly due to the electrical dynamics of the terminal current, the voltage information is very noisy and unreliable. Furthermore, the voltage drop term corresponding to the current dynamics cannot be measured precisely, nor it is easy to estimate this term correctly in digital control scheme because whole algorithms in digital controller should be executed based on the discrete sampling time. Therefore, the dynamics of the terminal current must be removed or suppressed to detect a proper back-EMF. In this paper, the current dynamics will be rejected by special control strategy.
For the sake of illustration, the current regulation flow in time domain is shown in Fig. 2 . In general, drive scheme with digital controller, the current reference is usually updated at the starting instant of the outer loop while the current regulator works in inner loop. In this study, the outer loop includes the angle estimator and speed controller and the interval of this loop is called "estimation interval." In Fig. 2 , the sampling interval of outer loop and inner loop are represented by " " and " ," respectively. At the starting point of the estimation interval, the current reference , is generated by the speed controller and sent to the current regulator. If sufficient current regulation steps are included in one estimation interval and modernized effective current regulation algorithm is adopted, the machine current tend to be regulated to the reference. Therefore, after several current sampling intervals, the actual machine current will approach the reference value remaining constant during one estimation interval. Therefore, at the end of estimation interval actual machine current can be considered to be constant value with some current ripple owing to the switching action of the power devices. However, this ripple current is no problem because the summation of the ripple is nearly zero within one current sampling interval. Now, an electrical steady state takes place at the end of each estimation interval. This situation is always guaranteed even in the transient state such as the case of speed variation. This simple operation results in the effective rejection of the voltage drop term corresponding to . On the other hand, to detect actual back-EMF the "speed voltage" term including should be calculated. But, the differentiation of the estimation angle may result in wrong back-EMF detection and the stator inductance should be employed in calculation task. Instead of the actual calculation, this drop term can be removed by simple operating strategy that the estimation angle used in machine control is fixed to a constant value during one estimation interval. So, at least within one estimation interval this ambiguous voltage drop is easily removed also.
The "electrical steady-state" operation can be easily implemented in digital control strategy when the estimation interval is sufficiently small compared with the mechanical dynamics of the machine. In this study, considering the overall system dynamics, the estimation interval is set to 12 times of the sampling interval for current control and 16.66-kHz sampling rate is chosen for the current control.
From this new operation strategy, it is evident that the following expressions should be satisfied at the end of each estimation interval:
Therefore, the voltage equations can be simplified as follows:
B. Rotor-Angle Estimation Strategy
In this paper, the current controller works in the estimation frame to generate required electrical torque. Thus, to derive maximum torque it is desirable that the estimation angle should synchronize with the actual rotor angle. It is assumed that the angular difference is sufficiently small at the initial state. At the end of each estimation interval, this angular difference can be calculated by simple division as follows: (9) Thus, without complex estimation rule or calculation, the estimation angle can be forced to synchronize with the actual rotor angle at each estimation step by the following rule: (10) As shown in (9) and (10), only the stator resistance value is required to calculate the actual rotor angle. It is noticeable that the back-EMF constant, which may be uncertain or may be varying according to the system's thermal environment is not used. Compared with this parameter, it may be assumed that the other parameters are well known. As shown in (10), since the angle estimator is designed to operate in angle updating fashion with error tracking, the control angle will keep track of the actual rotor angle regardless of some parameter uncertainties resulting from the stator resistance variation, i.e., the estimation error is not accumulated. When a smaller (or larger) angular difference than real one is detected in the th interval, this error will be automatically compensated in the next. So, with small negligible deviation, the control angle can synchronize with the actual rotor angle even with detuned parameters.
C. Speed-Detection Strategy
For the servo-application fields, a wide-speed control range of drive should be guaranteed irrespective of load condition. To construct the outer-speed control loop with reasonable speed bandwidth, the instantaneous rotor speed for the outer loop is estimated from the result of "electrical steady-state" operation. From (8), the back-EMF quantities in the estimation frame can be represented as follows: (11) Therefore, regardless of the magnitude of angular difference (12) Since the sign of agrees to that of the rotor speed in the case of , the actual rotor speed can be directly calculated using the following relationship:
On the other hand, the angular speed may be obtained from the time derivative of the estimated rotor angle. However, the employment of the derivative function may lead to system instability and performance degradation of the system response may occur in transient state.
D. Parameter Dependency and Compensation
For the sake of the investigation about the parameter dependency of the proposed algorithm, a simple quantitative study about detuned stator resistance is made. It is assumed that the wrong stator resistance value is used in the calculation process while is the actual stator resistance. The voltage equations in the estimation frame can be expressed as follows:
Now, the equation of the rotor angle estimate can be expressed as (15) where As shown above, the resistance error plays a role of the gain for the rotor-angle estimation. When the -axis back-EMF quantity in the estimation frame is sufficiently larger than the voltage drop term due to the error component the gain term is nearly maintained to unity. The angle estimation process may be affected by the measurement errors for the terminal quantities rather than by the errors owing to the parameter uncertainty. Practically, in the case of the proposed sensorless algorithm acts properly during the acceleration interval from 0 to 1000 [rpm] and in the steady-state with half-load condition. So, the parameter dependency of the proposed angle-detection scheme is negligible. However, the rotor-speed estimation is affected by the rotor resistance uncertainty.
Another thing to be considered is the variation of the back-EMF constant . Since the estimated rotor speed is inherently proportional to the inverse value of the back-EMF constant, as shown in (13), the accuracy of the speed estimation algorithm is directly affected by the variation of this parameter. Also, the speed estimation process can be influenced by the uncertainty of the other parameters and the inaccuracy of the voltage information owing to the inverter nonlinearity [9] . These practical inaccuracies may result in a considerable speedestimation error in steady state. But introducing the proposed "back-EMF compensation algorithm" can be one of the simple solution for this problem.
As widely known, the variation of this parameter is related to the thermal condition only so that this parameter changes very slowly. Due to the synchronization ability of the proposed algorithm, the long-term average value of the has the same value as the actual rotor speed in steady state. This advantageous characteristic is utilized to construct a simple effective back-EMF compensator, shown in Fig. 3 . In this compensation algorithm including simple PI regulator, the back-EMF constant for speed estimator can be slowly adjusted to remove the difference between the estimated speed and the actual speed. The average values of calculated form and produced by speed estimator are used as the inputs for PI regulator. The average value of is considered as the actual rotor speed in steady state. When incorrect back-EMF constant is used in speed estimator, it may cause steady-state speed error. Then, the PI regulator forces this error to zero by changing the gain-term . The notation and represent the long-term average value of and , respectively. Of course, from speed estimator is used as the instantaneous machine speed for speed regulator. Not only the parameter variation but also the inverter nonlinearity can be simultaneously compensated by this algorithm. So, the back-EMF constant will be modified to the suitable value to remove the steady-state speed error. 
E. Angle-Compensation Algorithm
Since the magnitude of the machine-terminal voltage is generally proportional to that of the back-EMF, the angular difference calculated from (9) can be easily affected by the system noise in the lower speed range where the magnitude of back-EMF is very small. To extend the nominal operating range to much lower speed region, the "angle compensation algorithm" is added to the proposed system. The overall control structure of the proposed sensorless algorithm is illustrated in Fig. 4 . The hatched area located at the center of the figure reveals the angle-compensation algorithm. As shown in the figure, when the machine is operated in low-speed range, the filtered value of is utilized for estimating the rotor angle instead of the original one. A hysteresis band is added to the selector to increase the system stability. In addition, to prevent the rotor-angle estimation process from the utmost system noise, the calculated angular difference is restricted to the reasonable value according to the time integrated value of the machine speed. A simple relation between rotor angle and speed in one estimation interval can be given as (16) Considering the aberration of the estimated speed, the maximum acceptable value for the deviation is defined as follows in this study:
Where the means the low-pass filter function. The factor of 1.2 in the first term of right-hand side represents the reasonable bound for angle deviation. The last term is the engineering angle margin represented in electrical degrees. Of course, all factors are determined through experimental test because the actual system noises are not well known.
With the help of this signal processing task including low-pass filter, the stable low-speed operation range can be extremely extended to several tens of rpm's. For instance, when the PMSM with 0.03 [V/rpm] back-EMF constant is used, 50 [rpm] stable reversing operation can be achieved under loaded condition. One additional advantage of the utilization of this useful compensation algorithm is that the sensorless drive has the stable speed reversing ability.
F. Starting Algorithm
In this study, a new stand-still position detecting method [7] is adopted for the machine starting without position sensor. The basic idea of this method is to detect the small fluctuation of the back-EMF voltage by injecting a high-frequency test current to the machine at standstill. Using the method, maximum torque starting capability is obtained from the sensorless PMSM drives. On the other hand, the proposed sensorless algorithm inherently has the starting capability if the initial is limited to a certain value under light load condition. For instance, by the useful angle compensation algorithm described above, the machine can be started under half-load condition by itself while the initial angle difference is given within the range of in electrical degrees. 
IV. SYSTEM DESCRIPTION
The main key of the proposed sensorless algorithm is the "electrical steady-state" operation for the rejection of the current dynamics. To accomplish this special operation, a high-performance current controller including the synchronous frame current regulator [8] and modified space-vector voltage modulator with ideal dead-time compensator [9] is implemented. The modified voltage modulator is designed to greatly reduce the execution time compared with conventional spacevector modulation scheme [10] . The employment of this voltage modulator with dead-time compensator gives additional advantage that the machine-terminal voltage generated by the inverter system closely corresponds to the voltage command from the current regulator. The terminal-voltage measurement is, therefore, not required and the voltage command can be used successfully as a voltage information. Of course, to generate precise terminal voltage according to the command, the dc-link voltage information should be available and the sensing equipment for link voltage is required. But, if the link voltage is assumed to be constant, this additional sensing is not necessary.
The overall PMSM drive system for the laboratory prototype test is illustrated in Fig. 5 . A 0.47-kW six-pole PMSM with sinusoidal back-EMF and insulated gate bipolar transistor (IGBT) inverter with 8.33-kHz switching frequency are used. The cutoff frequency of the current regulator is set to 4000 [rad/s] and 350 [rad/s] is chosen for that of the speed regulator. Additionally, for only the monitoring purpose, the actual rotor position and speed are measured through a 2000-pulse-perrevolution (ppr) optical encoder. All proposed algorithm are evaluated in the spicily designed digital controller using a TMS320C30 digital signal processor (DSP).
The ratings and the parameters of the PMSM used in experimental verification are given in Table I .
V. EXPERIMENTAL RESULTS
Extensive experimental tests are performed to evaluate the feasibility of the proposed position sensor elimination algorithm based on the "electrical steady-state" operation. Fig. 6 shows the traces of the angle quantities and terminal quantities in the estimation frame. The bottom trace of Fig. 6(a) shows the angular difference estimated by the proposed algorithm. The -axis current of Fig. 6(b) is not regulated to perfect zero value because of the nonlinearity of the control scheme: the control angle is fixed to constant value Step response of the proposed scheme.
in one estimation interval while the actual rotor angle slightly moves during that period. However, the current value can be converged to certain small constant value and the "electrical steady-state" condition can be satisfied, as shown in the figure.
The full speed-step response of the proposed sensorless algorithm is shown in Fig. 7 . Initially, the machine is running at constant speed of 50 rpm's under full load condition. The electric dynamo-meter attached to the machine provides an external load of viscous friction form. The speed command is changed instantaneously from 50 rpm's to 2000 and back to 50. It is clearly verified from this test that the proposed sensorless drive algorithm has a wide-speed regulation capability and good transient response under full-speed operating condition.
The step-speed responses to the speed command reversal are shown in Fig. 8 for the high-speed case and the lowspeed case. It can be seen that the acceleration rate of the speed is smaller than the deceleration rate due to the friction load characteristics of the load. From the point of view of the practical application, the proposed controller has a good speed regulation performance even during speed reversal, as shown in these test results. The starting capability of the proposed sensorless algorithm is depicted in Fig. 9 . As shown in this experimental result, even if the initial angular difference is given by 80 electrical degrees, the stable starting performance can be obtained in the case of half-load condition. Therefore, considering the ordinary load characteristics where the load tends to increase according to the machine speed, a special start-up algorithm for the PMSM starting is not necessary. However, when the machine is under full-load condition at a standstill, the initial rotor angle should be detected through certain algorithms (such as [7] ) for stable starting. Fig. 10 shows the influence of the parameter uncertainties on system performance. The actual and estimated values of the speed and angle quantities are displayed in Fig. 10(a) when the stator inductance detuned to 50% of its actual value is used. In Fig. 10(b) the stator resistance is detuned to 50% of the actual value. As described above, the angle estimation is not affected by the parameter uncertainties. However, in the case of the detuned resistance, steady-state error of about 100 rpm's of the estimated speed occurs in the loaded operating condition with 1000 rpm speed reference. Therefore, for the correct speed regulation, it is desirable that more accurate resistance value is used in the speed estimator. However, small speed estimation error due to slight inaccuracy of the parameter can be automatically neutralized by action of the "back-EMF constant compensator."
The back-EMF constant compensation performance is depicted in Fig. 11 . When the detuned back-EMF constant with 67% of its actual value is used in the controller, considerable speed estimation error takes place in steady state. In this case, while the speed command is given by 1000 rpm, the feedback speed for the speed controller has the value of 1000 rpm owing to the wrong parameter used in the speed estimator. But, under this condition the actual machine is running at 670 rpm. When the compensating action starts at 1 s in the time axis of the figure, this error is gradually removed by the proposed algorithm and the actual speed follows the speed command accurately after several seconds.
VI. CONCLUSION
A new approach to the position sensor elimination of the PMSM drives is presented in this paper. Introducing a new technique under "electrical steady-state" operation concepts, the machine model in the estimation frame can be ultimately simplified and the actual rotor position as well as the machine speed can be accurately estimated even in the transient state. Moreover, since the estimated angle always keeps track of the actual angle with one step delay, the basic drive system has a stable characteristics regardless of the detuned parameters. Introduction of the angle compensation scheme to the sensorless drive rejects the influence of the system noise in the transient state. When the general PMSM with 0.03 [V/rpm] back-EMF constant is employed, the stable operating speed limitation of the sensorless drive can be extended to the lower speed range 50 rpm without major parameter dependency. Furthermore, in order to avoid the steady-state speed-estimation error caused by the parameter variations, the back-EMF constant compensator is also proposed. The experimental results show the important features of the new method.
